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The Cal frita Countercurrent was found to be pr.-c2u 1

the study area dring the entire period. Seaonallv t

countercurrent was substantially stronger during tie

spring. Frequenit currenit reversals anid o ci llc1L ns

occurred between eqoatorward and pole4ard Flow, ls f oftn

at the nearshore ;tation. Preferred low treq4 ez; t'flil

peak s were_ found at periods of about 10 days. The

intensity of the countercirrent incr'asod with incr,,-'i -i -

3:,i't1I. upwel ling inde<, and the cr)ss-slope fow a;

appeared to be related to the local coast ,l upwelling
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I. INTRODUCTION AND BACKGROLU:D

Eastern boundary currents are the tibject of scientifi,"

investigation for a variety of reasons, pirticularlv the

impact of these currents on the fishing industry. Rytler

(1969) c n luded certain fishing grounds ; i,'h i h)e :) I" f

Peru, California, north4est and southwest Africa, Som,1i i,

and the Arabian coast are so fertile, that they supply zyv.r

half of the worlds fish harvest, yet constitute les ; t'Ii

one percent of the oceans. These fishing grounds ire

invariably located close to shore, and their great

fertility is due to frequent replenishment of near-sirFia'e

nutrients from a few hundred meters deep in the open oc,,>:i

offshore. The primary process for this is coastal

updelling, which in the Western Hemisphere Ls associat0211

most markedly with the eastern boundary currents off "orth

i IJ outh kmerica. The economiz need t , undertai2 ',

currents is made evident by the Jevastation of the coast.3I

regions of Ecuador and Peru in 1982-1983 by the stdden

i-flux of warm water termed El Ni'o. The socioeconomic

effects included; flooding, landslides, destrtction of

transportation facilities, huge agricultural losses,

disturbance of coastal fisheries, and loss of lIfe (HaLpern

et al., 1963). This warm water influx takes place from

12
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take several years (Smith 1983).

Off the North American west c:oast, the eastern boun~ary

f low regime is knownJ as the Calif ornia Ciirrent Svstem. A

comnprehensive summary of the pres;ent knowledge of this

syvs temn1 is ive n byv Hic ke v ( 19 78) The California Current

System includes the southward flowing Cali fornia Current,

and a number of manifestations otf a counter-flow: the

California UndercurreiL, the Davidson Current, and t':ie

Southern California Countercurrent. This system ii :nirt oF

the general circulation of the North Pacific Ocean whichi

is doniniated by an oceanwide, clockwise circulation lkno-),

as the N;orth Pacific Gyre. The eastern limb of thie ,vr Ls

the California Currenit Sy~stemn, which extends along the

North American continent from southern Canada to Mlexico.

The systo-m includes both poleward and equatorward flows

wh ich var v o n manyv t im e -s c aIe -. There are, for examp le ,

inter-annual variations such as El Ni-no, seasonal

t r a t iu , rid Iar e v.-1ri*a tins with 1 p .2r i - ;s .i -

with weather systems. The CaLifornia Current is a Slow and

)r,)ad equatorward surface flow, branching from the North

Pacific Current, and marked by cold subarctic water type.

The waters of the various c)itnterurrents may be

chiaractorized by their admixture with water of equatorial

')riolin which has relatively high levels of temperature,

salinity and phosphate, and relatively low dissolved

1 '3



X :rl fie wi"tr io~i ,s a ;u c curre. .:1t'

polewar _i flow occurs in nearshore regions ofF the west

coast of the United States. This current, inshore of the

California Current, is known as the Davidson Curre:2 ! is

ordinarily found north of Point Conception. The DavV1q :n

Current may be a surface manifestation of the Califor-i i

Undercurrent. The Southern California Counter ,-irrent iz

the name applied to the poleward flow fromu San Diego to

Point Conception; during winter months, this nearshore foIn

is sometimes continuous with the Davidson Current.

The study of eastern boundary currents is of both

theoretical and practical interest. Dynamical models with

features of observed eastern boundary currents have been

developed since the turn of the century. Ekman (1905)

described the effects of a steady wind blowing on an ocean,

and stated the concepts now known as the Ekman spiral and

the Ekman transport. Sverdrup, Johnson, and Fleming (1941)

provided some understanding of the dynamics of the

uptielling process. Munk (1950) computed the mass

transports in a wind-driven ocean from the curl of the

estimated wind stress.

Recent models include the two-dimensional and three-

dimensinial IpwelLing models, and sea breeze prodiced

upwelling models reviewed by O'Brien (1977). These model;

considered the influences of horizontal boundaries, bott:-nI

topography, and the variability of wind stress on the

14
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constricted b. O)'Brien and Hurlburt (1972); this t-'o-laver

model successfully predicted the observed epiatorward jec

but failed to . rduce a poleward undercurrent. Suginoh r'

t1974) used a :Im,!l with a straight coast and a Soet )i:

topography which did not vary in a coastwise direct in,.

His odel succeeded in developing a poleward flow in cr .

lower laver. A later review of models is given by Allen

(1980). These models permit inferences, such as the

effects of shelf width and coastal winds, to be made lourt

shelf-flow motions which have time scales like those of the

atmospheric weather systems which drive them. Irregu-

larities of the coastline and bottom topography force

three-dimensional motions. However, there has been little

theoretical work in this area until recently. An inportant

conclusion from the models is that the currents arise fram

and are maintained by both local and remote atmospheric

forcing. Significantly inmproved models of coastal

upwelli'.g include more realistic wind stress and iner

resolution of bottom topography, especially the shelf break

and steep bottom slopes.

Complementing models are field experiments which

provide the basis for their notivition and veri fi c -i,, ,2.

Two recent comparisons of models to field ohserv,it i i,; or.,

Hickey (1980) and Janowitz (198()). Hi ckey used the two-

dimensional, baroclinic, time-dependent model of

- : -- - - . , - .1. . , . ; ." " ° . ° . - .
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neriods as lon. as fifteen da,-s ii predicting the

displacement of isopycnals off the Oregon coast.

Janowitz's conparison Of a nodel of time-dependent quasi-

geotrophic upwellifin to mo'red meter data co ncluded

tentatively that the model nay have some validity, but

furth er -c parisons and verification should he undertaken.

.trlv observational studies of the CaLifornia Current

System emphasized re Llaive Ly large-scale motions v r ' c, ,o

and Flemin% (1941) utilized T-S relationships t:) dfine the

origins of water of two sorts (in northern hemispheric

eastern boundary flows): northern water with increasing

salinity as temperature decreases with depth and southern.

water with relatively constant salinity as temperatuire

decreases. That the warmer water was a northward-flowing

current was also deno1i t rated by Sverdrup and Fleming

(1941) utilizing geostrophy; later, Reid, et al. (t958)

showed that geo-strophic shear or the flow at the 20'-dhar

i,' j; - respect to the I )" 3a<) "h- r 5:ir 3 ,Le

indicates a northward flowing undercurrent. During the

fifties and early sixties most Lagrangian current

measurements were limited to drift bottle estimates of

,iir: iez, currents. One important exception wa- the trackin,-

for i few days) of deep drogues by Reid (1962), w.hich also

indicaited a northward-flowing undercurrent off the central

Cal i fornia coast. It is in the last decade that moored

.-
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the flow over long time-perio)ds. Mloored current ,e t er,4 c -in

be positioned to 4iVe direct measurements of the currelits

over extended periods (approximately two months for tlio

Aanderaa meter, LI: a ten-minute samplinig interval 1i;

used) Moored me te rs provide an excelIlent mleans f -)r

de tai led local s tudit?- to elucidate better the proper'_ -'

relIat ionships , and iiteract ions of the several po rt ions t)

the California Current System. Studies of the Ca~iF~rnia

Current System during the 1 9 60's using moored meters w'ere

primarily of the coastal waters off Oregon and

asigo.While few current measurements have been nd

in the CaliFornia Current and reliable wind stations ore,

sparse, continuing studies off Washington and Oregon by

Hickey (1979, 1980) and Huyer et al. (1979) show a

significant relationship between local wind forcing Ant!

currents. HicKev stated that the seasonal variat'ion of -,he

nearshore region of st roni:; flow appears to he re lated! to

t h ';I :I1'-';q ai a t ion or- the IngsIno r e .> ) pofn e n O

stress at the coast. Huyer et -al. show that the transition

froa;l Lhe predominantly northward siirfaice currents of the

winter oceanographic regime to the predominantly south-ward

surface currents of the spring~ ocea ;nographic regimo nor

the Oregon continental shelIf occurs withi,ni a pe r~od1O

sv eral days during a strong southward wind event. Recent

work for waters off thle central region of the California

17



Coddington (19<) 1dl Dreves (198,w). 'v;ickham (1975) ma,e

salinity-temperature-depth (STD) sections, and paraclite

drogue observations o f nterev Bay. Wickham found the

Ca] ifornia Countercurrent to be present 15 km off the c)ast

in August 1972 and in August 1973. Coddington (1979)

compared direct current measurements fr,)in ail : -tv moored

off Cape San M artin to indi rect -leasuremtents from r

geostrophy. Coddington found the California o'xntercurrent

to be present during the study peri )A from N'ovember 1978 to

February 1979. Dreves (1980) studied the relationship

between local sea level gradient and alongshore flow for

toe same study period as Coddington. Dreves found that

curreit and sea level gradient energy distributions were ini

close agreement, showing higqh energy concentration at the

low frequency end of the spectrum.

The region of the central California coast off Cape San

Mlartin (Figure I iari chosen for study for several

reasons: toer,- is r fL tivelv little ship tr-ffic or

fishing and, consequently, less risk of current neter

damage or loss; the hottom topography is relatively devoid

of complications, consisting of an extremely narrow shelf,

sharp shelf break, and depth contours ap proxi,.i d, v

parallel to the coast; additionally, the close proximity of

the study area to onterey was a logistical convenience.

The current meter data used by Coddington and Dreves,

lX
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I,

:montns from 25 July 1978 until 22 Januar" 19%, have beeI

augmeted as part of the continuous monitoring of the

countercurrent off Cape San "artin. n observtional datai

baae of direct current measuremeats of fiore than one year's

duration now exists.

The objective of this study is to provide a preliminary

analysi of current meter data for the period Januar, 1979

to April 1980.

II
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11. DIRECT CURREN'T OBSERVATIONS

A. DATA COLLECTION

The data for this study were collected using Aanderi

'Iodel RCM-4 recording current meters, which are s If-

recording and intended to be anchored in the ocean 1,),.:

tce ,7in d wave zone; they record curre7!-- T i. ani dir,- ,

and water temperature.

The meters were deployed off Cape San Martin, Cali for-

nia, from August 1978 untiL ,July 1980 (see Figure 2). The

station locations are shown in Figure 3. The present stud,,

covers the period from ,January 1979 to May 1980.

Coddington (1979) and Dreves (1980) have discussed data

collected during the period from April 1978 to lanuarv

1979. Deployment of the arrays was accomplishd with the

Naval Postgraduate School's research vessel ACANIA. Each

.,7 )r o' several meters wa s la-1. fh od 'm. .i qtr:

hehind the ship, the uppermost meter and flotation d,_?vic e

first and the anchor last. The array's descent was slowed

by a s:all drogue about two meters in diamieter attached to

the anchor. An array of three meto-rs was used at Sqtati )n 2

(35' 52.16'N, 121 3 3.7b'W) and four meters at Station 7

(350 51 .4'N, 12l 46 54' U). T Iier te re a r ra ng e d a p p r, x -

imatoly as depicted in Figure 4. The anchor consisted of

20
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)ne )r two( , C .I r)) ' .$1t'. : t.[" ichod,. to) it \n .'- t,1 'I ,,

242 acoustic release. Be',thos 17-inch glass spharo i

plastic hard hats (55 pounds net buoyancy each) were used

to provide wire teasion, with two spheres directl i v ,

each current meter and six above the release. The entire

array was moored below the region of strong surface w'v,,

action and 'was ronv ered by acoustically activati', r,-

release. Upon recovery the meters were returned to the

Laboratory for iaintenance prior to subsequent

redeplovneit.

B. DATA PROCESS[NG

The data were recorded on three-inch reels of I /4-inch

adio tape (Scotch Brand number 295) at ten-minute sampling

iatervals. Conversion of the data from the tapes recorded

h the RC"-4 meters into a computer-acceptable format was

, mplishted with a HewLett-Packard 9845 computer aid an

- nderni tile translator. The 1/4-inch tape was plaed

huc> on a h'oi eisasch ,udi.) deck and an oscilloscone was

Se I t 4WiI i.: i 1 il 2 1 r~ t i o t t d a ta wa r, *

and of appropriate amplitude. The data were then

translated from long and short to high and low voltage

pulses and recorded on IBI-compatible 9-track tape on a

Kennedy 9-track tape recorder. The Hewlett-Pack r, 911'i

computer was also "sed to plot and print portions of the

dat a

21
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L7.
F iv.e di fe et t : , r- s. '.:ere ti seo w i t n t ne 'av .

Pos tgraduato Schoo I's IB't 3o computer in proces-; 1. !i thle

data. They are listed in Appendix D. The initial progran

reads in the raw -ita from the 9-track magnetic ta ,

allows an initial look at the data if desired, and stores

the data in mnass storage for quicker, more effii -nt

utilization. The secI,;' pr-)gram applies tenneraturo,

speed, and direction calibrations to the data fEr t-ici

current meter. The third program reads in the calibrate,

output from program two, identifies missing record,, i'.!

uses established cut-off parameters to suppress noise.

Temperatures greater than 12'C, and less than 5°C are

discarded, along with current speeds in excess of

100 cm-s -1 . Diqcarded and missing records are filled in by

the following process: upon encountering a fanltv valluo,

searching continues until a value is found that meets tlio

acceptance criteria. Linear interpolation is used to

obtain fill-in values. Initiil look.,; at the data revea,

only minimal ,aps in the records. Program three, by .ieans

of a binomial, convert, the data record from ten-minute

value, to hourly values and then produces four plots.

Currents are presented in the form of stickplots, and three

other pJts display U and V components of the cirront

(respectively, eastward and northward for positive values),

and temperature as funct ions of time. The fourth progTram

reads in the output of prog'ram two, fills in missing, ;in,'

2)
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the data. Its outp1t consists of two plots of frequ i

versus power drity for onshore and alongshore c1'1ponent

of current. The fifth pr,gram uses the hourIy records

produced iii prig ram three to construct progre - I. o tr

plots. Two of the currenit meters used in the -tudv wre

very noisv and .ive unrealistically high in,!' i ion i17 e

speed. These noisy data are not shown here.

0 - ' .- . - - - -. . -. --- - . v . '. . . ." . -'- ' -. - ,,, '" " ' ' i
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III. STUDY OBJECTIVES

The objective of this study is to provide a orel, ."..

analysis of the current meter data. Questions t, 1

considered are:

I . Do the data reveal seasonal variat ions • .

2. Do the data reveal Jiffereices or sii l.3rit ie '

flow btwecn Stations 2 and 7?

3. Are there indications ) f rnesoscale events?

4. Are sLch ne-oscale events coherent with resitct ti

depth andtr position?

5. Is there a generalization about variation with depth

that can be made?

. How 1) the currents appear to be relate! to Badkin'1

coastal upwelling index (Bakun, 1980)?

24~~- . - .
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IV. DESCREPT [}N A:D ORGAN IZATION OF GRAPH[CS

* To highlig h t the ;ilient fea tures et the vari.at 1n ,

and to examLne them i i the framiewlork of Section [IT the

data a re presented I several waxys. There are seven

different graphical representations in Appendixes A, , 1 !

C. These plots ae:

1. Time series of Bakun's coastal upwelling index

(Bakun, 1980).

* 2. Tine series of current vectors.

3. Ti:me series of eastward components of the current

vectors.

4. Ti-ne series of northward components of the current

V e c to r;s

5. Time series of temperature.

h. Spectrum analyses oF alonizshore flow and on/offshr,

7. Progress ive vector diagrams.

-* The plots are organized chronologically according to

deployment date of the meters, egvLnning 5 January 1979 and

ending; in 'Ti rch 198f.

SIn Appendix A there are sets of time series. For

'.an l ) , F i u r o 8 and those I ik e t c,) r t iA t i he 5 r i ' b 5 )

Rakin 's coastal upwelling index (UI), and current series

25
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(stV¢':< ts), in this case !Ir tLe 'CeterS s c2 ., *v

5 January 1979 at Station 7, permitting visual comparison

of one aspect of local forcing and the associated

motions. The coastal upwelling indices are indicative or

onshore-offshore Ekman transport, as estimated from wid

stress at the position in the vicinity of Point Sur

indicated in Fi lTre 1. The procedure for calcilatin,

upweLling indices is presented in detail by Bakiun (1973).

The stickpLots are graphical depictions of currelit speod

and current direction. Time-scales are indicated along th

top and bottom of Figure 5, and the units of measurement

for the ordinates are shown on the left side of the

figure. Pertinent information on the figures of this type

include: station number, date of deployment, meter serial

number, and depth of meter deployment.

Another type is represented by Figures 6 and 7. T h-v

depict U, V, and T for the two current meter records

represented in Figure 8, where U (positive) is the eastward

component of the current vector, V (positive) is the

northward component of the current vector, and T is the

temperature. Again, time scales and pertinent station

information are given in the figure. The time series of

these variables are complement trv: the progress ive vi'otnr

diagrams found in Appendix C since they accentl, at , h ,hr

frequency events such as inertial and tidal. osciI tat ions.

The figures in Appendix B contain spectrum analys of

26
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meter. The absciss i (frequency ) and the ordinate (po,;,r

density function) are clearly labeled, and each figure also

lists station number, meter serial number, meter deployment

tdepth, aind date of deplovment. The spectrum analyses

indicate regions of high ene rgy in the frequeicy domain .nd

sit -e-;st forces at work.

Appendix C contain; the progressive vector dia°,,'ra:Is

(PVD). The vertical and horizontal scales are eumil

(kilometers), and truie North is indicated. Crosses ar

positioned at 3-day intervals, and the letter "F" indi,>ULe

the final plotted position. In addition to station nnihr,

*meter number, meter depth, and period of computation, the

-nmean speed and mean direction for the entire period are

" "[indicated. The PVD's depict well the low frenuencv

variations, so-called "events", such as eddies.

Appendix D contains the listings of the compater

programs used to process and plot the current meter 3at .

27
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V. AN'ALYS ES

A. RELATION BETt;EEN CURRENT AND LOCAL WIND FORCI'*G

The coastal mountains of California tend to deflect the

low level winds so that the' blow equatorward parallel to

the co)ast. Consequent lv, the average Ek -in transport is

)ffshore (Stewart 1967). In the sinpie Eknan .odel, t

offshore flow lies generally above the level at which our

current meters are moored. But there are strong verticail

'nmotions (up-and-downwelling) and other intense mesoscale

exchaage riechanisms in the area of study which negate thne

application of the simple Ekman model to observed cross-

slope flow and suggest the possibility of a deeper

virtual" Ekman layer extend i nig well into the pycro l i -.o.

In this section qualitative relations betweeni current

and local wind forcing are examined through use of the tine

,;erie3 , f o tickplots and ,unwelling i 3e -.. lr ),

referring to Figure 5. These relations will first be

examined ;eparately at each mooring statiLn, and then fir

the time period July - August 1979, when current meters

were deployed at both Station 2 and Station 7. Final lv,

seasonal and geographical variations will be considred.

28
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The corresponding U I and current velocity for Stat tn

2, the inshore station, are shown in Figure 11 for the

period from 23 April to mid-June. There are event-scale

(ca. one week) changes in current direction and speed thiat

appear to be coherent with depth. The upwelling index is

positive all durin- the months of "av3 and June with no ,-

periodic episodes of great intensity. It is reasonable

that there be upwelling in this period of strong posi,;,tV ,

upwelling index (T-=+138). The mean cross slope flo' (V')

for this period (Table I) is small and positive, which

indicates that the meters are below the Ekman layer. The

poleward alongshore flow shown by the stickplots indicates

the presence of a countercurrent at 169 and 241 m. Str ig

equatorward winds (positive UI) seem to correlate well wit'

strong poleward flow of the countercurrent during this tLi),-

period, especially at the level nearest the surface. ALso,

very large drops in the index are associated with a slihc-

1: lav I ir decreas in :e po eward ,ncrrint ; e , id

increased variablility in current direction during inter-

vals centered on 21 May, t June, and 9 June (Figure 11).

Continuing at Station 2 in the period 21 July -

12 September 1979 (Figure 18), there is also ari overall

tendency for poleward flow associated with positive

upwelling index especially at the level nearest the

surface. The mean cross-slope flow (Table 11) for this

29
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,an extended Ekman laver is postulated, this cross-slope

flow can be interpreted as lying within a layer which

includes both meters. The magnitude of VI declino. Air!-,,

the latter part of this period. On a shorter time-scale

(about 9 days) the rise and fall of the upwellin Jndey P;

accompanied throughout the record, begi'ning out

11, August, by poleward currents during periods of Ki -h

upwelLing index, and equitorward or diminished polewmarl

currents during periods of reduced upwelling index. Thaq,

decreases in the upwelling index clearly relate to

decreases in, or disappearance of, the counter current on

these time scales (ca. 9 days), especially at the greater

depth, 237 m.

In the following period, 24 November 1979 through

"" 18 January 198(), as shown in Figure 24, the upweiling index

is further reduced (M-=-20), becoming dominantly negative

after mid December. The meter at 194 m (Figure 24) iL

suspect due to lack of direction changes. This could he

the result of a stuck vane, or a malfunction in the

sensor. The alongshore current at depth 266 m alternates

betweeen poleward and equatorward flows with durations

between three and ten days. There is a marked change in

currents after 23 December; they become weak and variable

following a strong surge in the downwelling index at that

time.
O
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First consider the winter period January - February"

1979, illustrated in Figure 8. The mean flow at both

leve Is ( 52 m and 223 n) is predomi nant ly po lewa rd ; b1,t

there are important event--cale variations. There are i s-

alternating periods of positive and negative upwellia

index during this period. The significant current

variations and the upwelling index changes do not seem

correlated. For example, from 5 to 10 January 1979 the

currents at both depths were toward the southwest and

during the next 15 to 17 days rotated clockwise. Uhile the

upwelling index varied erratically about zero, a similar

rotation of the currents and unrelated variation of the

upwelling index continued until about mid-February, when

predominantly poleward flow again resumed, and the culrrentz

flowed in this direction for the remainder of the record,

approximately twelve days. A fair conclusion for this

period, when wind forcing is inconsistent and weak, is that

tlhere Ls no simple relation between the local upweLling

index and the observed behavior of the currents on time

scales of tens of days, and that some other mechanism than

local forcing is involved.

Durintg Tuly and Auust 1979 (Figire J4), the index is

positive and the flow at Station 7, is also predominatlv

poleward at 158, 231, and 356 m, especially in July. Large

events involving reversals in the currents can be seen on
0
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lovels. These events appear to occur at all d epFt hs a1-) s t

simultaneously, which suggests that they are niot direct ly

re la ted to the local wind.

During October and November 1979 (Figure 21) there~i

ag,;i a period of generally weak upwelIlil'T Lndex when th- i

i n dex h as nio o bv iou s r el Io toio1 t L1ie c ur re nts.3 T h e

-,i rrent s were equatorward f rom 12 un--ilI to 3" ')toe r,

oL Iow ed by a r e ve r alI t o be comre 1)0 ? mi a r1 fr o im I t hro u ch'

21 'ovenmber 4h i le the upwelIlin i: -ide'- again varti-c

erratically near zero.

During the period 3 Mlarch through 121 April 1980l

(Figure 27) poLe,4aird and equatorward flow alternate nl

about mid-Mlarch, while the upwoelling index remains low.

Following a riie in the upweLling index at that tine

(mid-:Iarch) and it-; poemistence at high levels for Tiearl,.

three weeks, predominant ly poleward flow begins arld

persists for the re-Tiainder of the recorded period, -i,,

The mete r at 113 m (Figu,,re 27) is suspect due to lack

of direction changes and small mag-nitude, andi its daita will

be ignored.

3. Compar l.5 )n of Stat ions 2-) and7

Current meter arrays were deployed at both Stations 2

A 'Id 7 ditring the period from 21 July to the end of*\gt

providing an opportunity for examining Horizontal

12



"depicted in igure IS) appear to respond with little o)r no

lag to local forcing for this entire period. The response

)f the currents to loca L winds is not so clear at Stati,n 7

(Figure 14). The currents at Station 7 may respond

differently to local winds than currents at Station 2

hec use of the increased distance from the controllin

b.undarv (coast) . It is also possible that the respnonse

the currents at Station 7 to local forcing nay be maske ho

other influences. Certainly, there is no longer a nearly

in-phase response of the current (note, for example, that

on 27 August flow at Station 2 is predominantly poleward

while flow at Station 7 is predominantly equatorward). if

flow at Station 7 is being driven by local winds, the

response must lag the wind.

Se:isonaly, the countercurrent was strongest during the

spring months of 1979 at Station 2 (Figure 11). Geo rao-

ical lv, the major discernable difference is the closer

cor r ela tion- , eba i'-,en - -i cr reont i i i !- i-L;)cq1L' >ro i it

Station 2 (inshore) than at Station 7 (offshore).

Tn summary, there are four important conclusions to the

analysis of the currents and their relation to the

ii pwe I I 1 in i (t c x

I. The entire record from Januarv 1979 to April 9S8

indicates currents are predominantl poleward at hoth

stations, especially while Bakun 's coastal ip,,, I Iinc index

is high and positivo.

. . .- . ,... ,. ] -.. .. . ., .. .- . . . , ... ...3
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of tens of days occur at all recorded depths.

3. Current response to local forcing is more apparent

at Station 2.

4. The countercurrent runs most strongly during lhe

periods of high upwelling index at the nearshore station

(Station 2).

B. SPECTRV"I :ALYSIS

The current meter data are subjected to spectrum

analvsis in order to identify regions of high energy in tho

frequency domain, and consequently suggest forces at work

in the study area.

The information from spectrum analysis, in this case

via a program using Fast Fourier Transform (PFT), depends

upon the record length and the sampling interval. The

parameters used in the spectrum analysis program are:

Record length = TR = 1024 h

SampLing interval = At = 1 h

o. of points per record = N = 1u124

Resolution = Af = .0098 h

I-
Nyquist frequency = N = .5 h

No. of frequencies resolved = N = fN/Af = 512

No. of degrees of freedom - ., -=

The records available are typically about 5n days

( 12)0 h) long; tile maxi n m resolution attainable by FFT is,

therefore, obtained from data sets of length 10)24 hours.

14
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for at the expense ot sta-i lit'. T he resoluition with no

averaging of spectral estimates over frequency Ls

af = 10241 h -  ; and for single spectra (with no enso"'hl

averaaing) the c t!..nates of variance have nnlv to ie<'<'s

of freedom (and are thus uncertain indicators of the

va rian c 4 i L t r .1  t i a n

For time series defined at equal time-intervals at, the

highest freqtuency component discernable is given by

= (.at)- , the "Nyquist freqiuency" The varianc of

frequencies higher than this are attributed, sporiously, to

lower frequencies. Such misread ("aliased") variance is

thought to be of minor concern in the data sets of this

study except for those few (discarded) with high frenuenc

instrumental noise. Among forces known to be at work in

the ocean which are likely to contribute to ener:ret i

currents are tidal and (possibly) inertial forces. Some

of the most important e,,aponents are the semi-diuirnal i 1-

prnducing forces (Sverdrup, et a . , 194:):

Name Symbol Period(h) Frequency(h - )

Princi pal lunar 12.42 .081)5

Principal solar S2 12 .00 .0833

IVuni-solar K 2  11 .97 . V

The inertial Frequency and period, c alculated wito the

a ve rage tat i t u d e ( 3 . ) of S t t t ion 2 and S tat i on 7, a r

f(i) = .()487 h -  and T(i) 20.5 h.

15
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coMPonents at t idal anI i r tiLa I frequencies as well as a t

periods oE approximately 10 days. The dominant tidal

components present are the semi-diurnal, with the most

s igni f i-int peak s appearing to he the luni-sola r. T I

Table I are shown the aTnnro~imate values of the low

frequency, inertial, and semi-diurnal -idq!p~i< ~ <

alonigshore, and onshore! oI-fshore motion. T h se va 1Lue S:'

Tale I ara taken from the spectrum aTIalys--iS plots to r.'

what , i f any , re lat ion there i-3 !between high energ y and

dept h, season, and proximity of the shore. In general the

spectra indicate greater energy for tidal, inertial, and

low frequencies at the upper meters. It appears that

motions at these frequencies are also more energetic in

winter than in summer. Finally, cidal anid tow f requency

ene3rgy a re greate r near shore , wh ile eie rgv in thre Tine?7r

f~requency is greater offshore.

C . I.N FP r"NC1:I S RO!1 PROGRESS lYE V ECTOR D IAGRA%'IS

Te PYD 's a re heI !-- l q -1 1),,2rvi -c, low frernienc'y

variaitions arid the mean currents which ire summarized in

Table 11. As a meander, eddy, or wave in the

countercurrent moves through a s tat ions pos it ion the

bounda ry he tween the po lewar(I f low and L(liiitorwa rd ri ow

moves about , wi th theI Current meto rs; lterrrat i nr be tween,

eiLther side of that bounda ry. Such an ocourrence is

re flected in the PVi)'s as a current reve rsal.
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or~ ~ L '.,~ [ - c .r 1 -1 r -1 ;--1 c; " rte S 7 th .u T ,I r ,

c rre ii reve2rsals of Long :iT irat ti, a nd the mni i .', r r iit

f r lie (I :I rt q o ) th.e f l o i The 1 4-ri c r-e i

7, t 2 TI
,L -re7L ii' <J) , i.'eOn .;q -iz1 IlLt I speed (,') , 2 - , ',

Ip, a are ( ) , d;eIe s Ct 1 i. , s . t e a l c i r- r e ;1t met r

fir 3e e'i re tiv nert :i sh.v4 i T ,_ I: a, d1.

ir2 I fS: .i-4n ci the i ri r ': tll pl.o T, S Iso 4l i

le , i re pti l-1l c-t ve I iT)1 ": a I al sh1- re Ce drrlr T

:c,.lpinents repect ivelv, Tha. .alcng'sh~-e dire.". i. in in t ' -

cas, is -efined a 34 r0 17 for Stat ton 2, 1nd 350 T r r

Str ion 7, whic1i repr.sent the azimuths oF z 1it :t.h mo-

c ont u r a at to si t t es

For both Stations 2 aid 7 over Ih re(2ti peri)o d, .he

qasonal and depth vari -tions will b co n idereI. Th, -1 :.I

h') r,." c irrent in ;Il ayi' p,)le ar I at al h h r v -1

levels ( from 127 .n t) 356 m) and at both sta tio s. 'ois

A r i1iore crr'r.int SpTe d t'A.3'a?,2 r r7 n o a r -i r'-? It r t o

2 , thi.n s h s ur a t S tt i 7. 1 s"r c i i-

speed aL the upper levels appears to a'ary o nlY slightlv

-l
,,asonally at looth stations, appr ximate lv ' to 6 ca-s

with the exception of the ,tpper 1,r ntr at Station ,o

23 Apri l t,) m i -,Tine, i . , 1t th , t - ct" C r ., i ' 1

'0e:1 at ohsr Jed dpth'-, axc,1pt in late ipri ug.

T h,,_ P \ ' i i a te p r r,e d i a i y u1 i rV n a L , ,

the n 2 ar-surfjce levels [)f Station 2, . while at the d,,epr
0l.{

I'9
.. '' . ..S" -< + ' , i- -5 ' , ' " : V?



oscilIl tLons possibly associated with i o r Iers, .aves, s ad

eddies. Current reversals occurred in greater numbers and

were present :it all depths at Station 7 which may Tn)tsi i L.

be due to Station 7 being near a boundary between nort a:n,'

south currents. The semidiurnal components of the curr ,.-i

are It tim es apiarent in the PVD's as for exanpole i !

Figures 49 and 57.

Shorter term variations are also indicated b.- the

PVD's, in particular reversals. 'No apparent current

reversals are present at the upper meter of Stat ion 2,

24 April to mid-June (Figure 49), and only two minor

reversals can be seen near the enI o' the record for the

lower meter (Figure 50). At the same station from 23 .ly

to mid-September, two current reversals of short duration

are evident at the upper layer (Figure 54); i,il iore tha n

half a dozen current revers;als of from three to twelve J,.

in dur-i ,lon cim i be seen for the current at .zr,;otr dentl

(Fi:mire 55). ('irrent rover t ; no: ! r0n t

upper level of Station 2 (Figure 58), 27 ",ovenber 1979 to

mid-January 1980, but several c-urrent reversals of

approximately three to nine days durati n can he soen at

depth (Figure 59).

A single curre!1it reversal is present at both - tor.;

Station 7 (Figures 47 and 43), 9 .anuary to the end FI

February 1979. At the same station, 9 July to the end (

o

40I
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uppr t o meters (Figures 51 and 52), 1nd two revers is can

be seen in the lower meter (Figure 53). These reversals

all appear to be of a relatively lr_)T 
r du1ration, 15 to

2 m. Two current reversals are present at hoth meters of

Station 7 (Figures 56 and 57), 9 ,,-tober to 29 November

1979. F)r the period 4 March to 15 Apri 198 at e

station, no reversals are ;een in the upper meter

(Figure )), but several oscillations and revers 1 1re

seen in the two lower meters (Figures 61 and 62).

D. CROSS-SLOPE CURRENT

The mean cross-slope currents fron Table 11 are plotted

against time in Figure 5. The dominant feature of these

currents is an annual variation with onshore flow in winter

months and offshore in spring and summer. This annual

variation correlates with the strong upwelling occurriL n I

the spring- and -'u:vner, and the weak upwelling index in .

w 11 t e r.

nat i a t i te :e - h '? k

and the cross-slope current means is consistent with a

thick layer inftuenced by a modified surface Ekman regime.

E. T [ME SE RI ES

The time ;or i,.s plots of 1U (positive s . east) n d V

(positive-north) coniponents were primarily used as an iid

in interpretig the stickplot data. They are als i,, us fil

for their resolution of high frequency variations. The

41
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as the larger scale current o-cillations indicated in the

stickplots.

The temperature versus time plots also indicate the

semidiurnal components and large-scale osci l ations ftuni

in the stickplots. Approximate mean temperatures for tle

current meters at Station 2 and 7 throughout the re" "! i,,

shown in Table I[. T he temperature decreased :it h de: 

all stations. TI L , tem1peratures at Station 2 at il'

depths (Figure 6) become increasingly warmer duri, - t,

period from April 1979 to January 1980, while the mean

temperatures at Station 7 at all depths (Figure 7) becoime

increasingly cooler. This is consistent with existing ,aiod

stresses, which would tend to uplift the isother-ais at the

nearshore station (Station 2) in the spring (strong

upwelLing indo) and depress them ia winter (weak upqellin.:

index). The cooling continues at Station 7 at all depths

from )ecember 1979 until April 1980, and no sionple

exilanation is apparent.

4I'o
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-i.~~~~ 7'-: .

IV. CONCLUSIONS

A northwa rd ftLowing current was f otind for the ent ire

period of this study. It was -3trongest at the u;)rer

*-leve Ls , ra)ighlv between 100) and ) )) mn. S ea-s9o na I y, t hi

% ~ cotrc:i rrent was s trong du r Ln, s pr ig and ,;III)"1~ i A 1

,wet2aker during winter . The speed and, di rocl- Lon of t'he

countercurrent :it any given t ine nay di Cfer ma-r'kedly 1 fr w'

tie average flow. There were events on scales of tenAs Of

* days which appeared to be qualitatively coherentL between

stations and also between depths at a given station.

Frequent current reversals and osci ilations occurred,

c,)insLs3tent with the weak, poorly defined, broad flows

associated with eastern boundary currents.

Bakun's coaistail upwelling index is an indicator )

possible wind-d]riven coastal upwelling-. The'coastal

ipeligindex i,;, in the mea-n, consistent tvith t)he

observations of a deep cross-s Lope flow (Eknan lace r), i

*largre iopwelling inde-< corresponding to thickening-- of tIhe

E',nan layer. The cotintercurrent Ls present during tie

entire study, an the 1ow frequency alogsor crr iL t

n neve r 2quta t or wa r d

Re la t i ve oy i gh - e n er gy peaksi ri ten d i iri rn11 L di I

f requencies and ine-rt ialt f roquenIcies occurred i n the

46



I]

ci iryL," ii Otc cirr'ent rcci rJd . tdi: L i,; .I [', ,' .

frequency energy peaks were found at periods of about I') d

At Station 2, (nearshore), the alongshore component of

these three frecilencies tends to be greater than the

on/offshore component, and generally speaking, the low

frequency energy peak (T = 10 d) is dominant. Xt Station 7

(offshore), the on/offshore component of these three

frequencies is noticeably greater, but there is no obvious

pattern to the energy distribution.

The countercurrent was present at the study, site, hit

it was not possible to unequivocally identify and correlateI!

local forcing with the countercurrent. The vertical

migration of the frontal boundary between equatorward and

poleward flow was observed at both stations, but less often

at the nearshore Station 2 than at Station 7. Hvdrographic

data from the study area for this time period were not

examined at all, and deserve future consideration.

Correlation of currents and wind or upwelling index,

comparision of observed currents %4ith predicitons o:

various models, and the relation of metered currents t

those inferred from hydrographic data are recommended for

future studies.
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Figure 6. Mean temperatures at Stationi 2.
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Figure 7. Mean temperatures at Station 7
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Station 7 Meter #762 Depth=152m 5 Jan 79

on/offshore

X103

unfiltered 7

6

4

S8r....FA.G.U .. ..CI FIR OUJ.

X10 3alongshore

x-l

8

8- unfiltered

6

4

S2-

Caln shor

a.

FRIGUE4CT ICTCLIrS PiA IOUAI

Figure 31. Energy density spectrum of current meter a[
152 m depth at Station 7 deployed on
5 January 1979.
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NI 11r

Station 7 Meter #842 Depth=223m 5 Jan 79

on/offshore

unfiltgied

Ci

fRIOUtNCr ICICLES PEA IIRUAJ

along shore

4 unfiltered 1
3

fALQ4UCC t(LCts PEA OUA)1

Figure 32. Energy density spectrum of current meter at
223 m depth at Station 7 deployed on
5 January 1979.
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Station 2 Meter #1965 Depth=169m 23 Apr 79

on/offshure

X10 3_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

8 . - unfiltered

:6

alongshore

8 X10,
unfiltered

.6

4

VMOQUINCI ICICLES PER NOUAI

Figure 33. Energy density spectrum of current meter at
169 m depth at Station 2 deployed on
213 April 1979.



Station 2 Meter #1319 Depth=241m 23 Apr 79

on/offshore

unfiltered

4

3

2A

rowtijcNr icycUis Pfft xcusi

a longshio r e

X10 3
12.5 unfiltered

.0

* 7.50

5D

I2.5 P

fREQULISCT ICCLES Ptft NSUOU

Figure 34. Energy density spectrum of current meter at
241 m depth at Station 2 deployed on
23 April 1979.
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Station 7 Meter #k2760 Depth=l58m 7 Jul 79

r4

on/offshore

X10
unfiltered

3

2

FR(QUKNC I CCI9 PIA HOUAI

3 ci longs h re

6
unfiltered

4

L

F?40u.Cl ICICLES FIN NOURI

Figure 35. Energy density spectrum of current meter at
0 158 m depth at Station 7 deployed on

7 J ul1y 19 79 .
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Station 7 Meter #842 Depth=23lm 7 Jul 79

on/off shore
3

unfiltered

E10

05

a longs ho re

X10
unfiltered

41 1
-2

8. I

FA9gu(NCI ICICLES1 "G AUAI

Figure 36. Energy density spectrum of current meter
at 231 m depth at Station 7 deployed on
7 July 19 79 .
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Station 7 Meter #762 Depth=356m 7 Jul 79

on /offshore

unfiltered

4

FREQU[ENCY ICICLES PIE n~u~l

x 2  alongshore

20 - unfiltered

S15

10

05

FUGUICI~ ICICLES PER HOURI

Figure 37. Energy density spectrum of current meter
a t 356 m depth at Station 7 deployed on

4 7 July 1979 .



Station 2 Meter #1965 Depth=165m 21 Jul 79

on/orffshore

X10 2
20

unfiltered

S10

05

PRIOUENCY ICILC PEA NI.A

x103  alongshore

20
unfiltered

S15

10

a; 05

TUIOUEUCI ICICLES PEA .04,01

Figure 38. Energy density spectrum PF current meter
*at 165 m depth at Station 2 deployed on

21 July 1979 .
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Station 2 Meter #1319 Depth=237m 21 Jul 79

12,5 10 2on/offshore

unfilted7

19'O

-07.5-

E °. -

: o

PIO"NCI ICICLES PER ft04jAI

al 0 ongshore

103
8

unfiltered

"07.

4

*2

FRCOlENCT ICICLES PER HOUP.

-Figure 39. Energy density spectrum of current meter
at 237 m depth at Statton 2 deployed on

* 21 July 1979.
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Station 7 Meter #A2760 Depth=127m 7 Oct 79

x 3  on/offshore
4. unfiltered

3

FAMQtINCI ICICME PER S0wI

20 x103 alongshore

unfiltered

S15

z10

* B05

FAIDUCKCl ItIC1,I P1 fen 444

Figure 40. Energy denisty spectrum of current meter
at 127 m depth at Station 7 deployed on
7 October 1979.
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Station 7 Meter #842 Depth=200m 7 Oct 79

on/offshore

3
unfiltered

2

i

4~~~~~ .4 -- % AA M

FREQOu(4C ICICLES PER HOURI

15 01. alongshore

unfiltered

• 10

05

IRIOuCIT ICICLES P(A aOUAI

4 Figure 41. Energy density spectrL.m of current meter
at 200 m depth at Station 7 deployed on
7 October 1979.
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Station 2 Meter #1965 Depth=194m 24 Nov 79

x10 2  on/offshore

6
unfiltered

-4

2

IARLOUCKI ICICLEI fI wO al

t 1alongshore

4 v runfiltered

3

4Q

FA/LOU(NCI I~LLItS P4 -OW..

Figure 42. Energy density spectrum of current meter
at 194 ma depth at Station 2 deployed on
24 November 1979.

iiI •



Station 2 Meter #1319 Depth=266m 24 Nov 79

on/offshore

20 103unf iltered 1
j 15

10

10

unfiltered
14

3

VACQUINC9 ICICLE$ P901 NOUN

Figure 43. Energy density spectrum of current meter
at 266 mi depth at Station 2 deployed on
24 November 1979.
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Station 7 Meter #2760 Depth=113m 3 Mar 80

on/offshore

100,

J 50

alion gsho re

3 00 unfiltered

:200F

=l 00

Figure 44, Energy density spectrum of current meter
at 113 m depth at Station 7 deployed on

4 3 March 1980.

88



Station 7 Meter #842 Depth =186m 3 Mar 80

X10 2  on/offshore

25 unfiltered

~20

is
-10

05

FREQUECY (CCLES PEA HOUAI

along shore

33

IFACQUILSI ICICLES PER "00%,

Figure 45. Energy density spectrum of current meter
*at 186 m depth at Station 7 deployed on

3 March 1980.

819



Station 7 Meter #762 Depth=311m1 3 Mar 80

X10 2  on/offshore

20 -- unfitere

g15

E10

S05

6.16.1

RQINTICICLES PEA M.UM

3 alongshore

6 .103

unfiltered

4

2

FAIDUCICI ICICLES PEA HOU"I

Figure 46. Energy density spectrum of current meter
at 311 m depth at Station 7 deployed on

4 3 Mlarch 1980.
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Station 7
Meter #2760

Depth=127m
9 Oct-29 Nov 79

N Q=68.1
V=5.05 cm/sec
+ every 3 days

F

I8

3oo 000 10 00o 0250

kilometer

0
IO

Io

-4

Figure 56. Progressive vector diagram for the

current meter at 127 m depth at

Station 7 from 9 October to

29 November 1979.
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Station 7
Meter #~842

9 Oct-29 Nov 79

V=4.O7 cm/sec
+ every 3 days

F

00

Figure 57. Progressive vector diagram for the
current meter at 200 mn depth at Station
7 from 9 October to 29 November 1979.



Station 2T
Meter 01965 N'
Depth-i 94m
27 Nov 79-16 Jan 800
Q=279 .8
V-6.24 cm/sec

+ every 3 days

* 0

F

-0250 -0200 -0150 -0100 -0050

kilometers

Figure 58. Progressive vector diagram for the current

4 meter at 169 m depth at Station 2 from-i

27 November 1979 to 16 January 1980.
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